Abstract Volatile organic compounds have been reported to serve some important roles in plant communication with other organisms, but little is known about the biological functions of most of these substances. To gain insight into this problem, we have compared diVerences in Xoral and vegetative volatiles between two closely related plant species with diVerent life histories. The self-pollinating annual, Arabidopsis thaliana, and its relative, the outcrossing perennial, Arabidopsis lyrata, have markedly divergent life cycles and breeding systems. We show that these diVerences are in part reXected in the formation of distinct volatile mixtures in Xowers and foliage. Volatiles emitted from
Introduction
Plants release a large variety of volatile organic compounds into the environment as part of their interaction with other organisms. By providing information across distances, plant volatiles are implicated in multiple functions such as the attraction of pollinators or defense against herbivorous insects via direct deterrence or attraction of insect enemies (Kessler and Baldwin 2001; Pichersky and Gershenzon 2002; Dicke et al. 2003; Rasmann et al. 2005) . Floral and vegetative volatile blends and their patterns of emission can exhibit signiWcant variation among or within plant species (Raguso et al. 2003; Hoballah et al. 2005; Knudsen et al. 2006; Roeder et al. 2007 ). These phenotypic diVerences are likely to be the result of natural selection and adaptation to diVerent pollinators, herbivores and herbivore enemies. Yet, only limited biochemical and genetic information is available regarding the evolution of volatile chemical traits and their intra-and inter-speciWc variation. Studies on the molecular mechanisms underlying the divergence of volatile proWles have focused primarily on cultivated plants. For example, relative diVerences in the content of volatile monoterpenes and sesquiterpenes in diVerent basil varieties are correlated with transcript levels of distinct terpene synthase genes (Iijima et al. 2004) . Another comprehensive analysis of insect-induced volatiles performed on several maize inbred lines revealed substantial genetic variability in vegetative odor emissions (Gouinguene et al. 2001; Degen et al. 2004) .
Few molecular studies have been undertaken to compare Xoral and vegetative volatile emissions among related wild plant species. To gain further insight into volatile trait diVerences of such species, we have chosen Arabidopsis thaliana and its close relative Arabidopsis lyrata for study. The two species diverged approximately 5 million years ago from a common ancestor into lineages with distinctively diVerent life forms and breeding systems (Koch et al. 2000; Clauss and Koch 2006) . While A. thaliana is a predominantly self-pollinating, weedy annual, A. lyrata is a strict outcrossing perennial (Nasrallah 2000) . Gene sequence comparisons between the two species indicate an average species divergence at synonymous and non-synonymous sites of approximately 15 and 1%, respectively (Clauss and Koch 2006) . Such high levels of nucleotide identity should facilitate direct comparisons of the structure and regulation of orthologous genes involved in volatile formation.
The Xoral and vegetative volatiles of A. thaliana have been extensively analyzed. The small (0.4 cm) white Xowers of this species emit low amounts of monoterpenes and sesquiterpenes with (E)--caryophyllene as the predominant compound (Chen et al. 2003; Tholl et al. 2005) . Rosette leaves of the A. thaliana ecotype Columbia release a simple blend of the sesquiterpene -farnesene, the C 16 -homoterpene 4, 7, 3, 7, and the benzenoid compound methyl salicylate in response to attack by insect herbivores and in response to fungal elicitors (Van Poecke et al. 2001; Herde et al. 2008) . Most genes and enzymes responsible for the formation of Xoral and leaf volatiles of A. thaliana have now been identiWed (Chen et al. 2003; Fäldt et al. 2003; Tholl et al. 2005) allowing comparisons to orthologues in the A. lyrata genome.
Much less is known about the volatiles of the Xowers and foliage of A. lyrata and their biosynthesis. The white Xowers of this species are approximately 1 cm in diameter (Clauss and Koch 2006) . The Xoral scent of the North American subspecies, A. lyrata ssp. lyrata, has been reported to consist primarily of benzenoid compounds (Peer and Murphy 2003) . However, volatiles of the European subspecies, A. lyrata ssp. petraea, have not been determined. Based on the perennial life-form and outcrossing nature of A. lyrata, we expected that the Xoral and vegetative volatile blends emitted by A. lyrata ssp. petraea would diVer from those of A. thaliana. Given the genetic diversity within A. lyrata ssp. petraea populations , we also predicted to Wnd intrapopulation variability of volatiles. Here, we present evidence for qualitative and quantitative diVerences in Xoral and insect-induced volatile traits within two German populations of A. lyrata ssp. petraea. We demonstrate that volatiles emitted from A. lyrata ssp. petraea Xowers are vastly diVerent from Xoral volatiles of A. thaliana and are emitted in a diurnal rhythm. Furthermore, we show that, in contrast to previous analyses from A. thaliana, herbivory on A. lyrata ssp. petraea rosette leaves induces the emission of (E)--caryophyllene as a variable trait and that a presumed orthologue of the Xoral-speciWc A. thaliana (E)--caryophyllene synthase (AtTPS21) is responsible for the production of (E)--caryophyllene in A. lyrata ssp. petraea leaves. The ecological relevance of the observed diVerences in volatile formation between the two species is discussed with respect to their life forms and breeding systems. The results pave the way for detailed genetic comparison of the Xoral and vegetative volatile phenotypes of the two Arabidopsis species.
Materials and methods

Plant material and growth conditions
Seeds from Arabidopsis lyrata ssp. petraea (L.) Hiitonen were originally collected from plants of two German populations close to Plech (northern Bavaria, Germany) and Neutras (northern Bavaria, Germany). Sampling of seeds was done from randomly chosen plants, each separated by more than 1 m from each other to avoid sampling from clonal relatives . Seeds were germinated as described . Plants were cultivated in plant climate rooms at 123 22°C, 55% relative humidity, and 160 mol m ¡2 s ¡1 photosynthetically active radiation (PAR) in a 10 h light/14 h dark cycle. Individual plants of the Plech population used in this study were derived from controlled crosses of laboratory-grown sire and dam plants and propagated vegetatively by separating shoots that emerged from roots. Individuals from both populations were used for experiments after at least 3 months of growth.
Insect feeding experiments
Herbivory experiments were performed with larvae of a Plutella xylostella G88 colony. Larvae were reared on artiWcial diet with a wheat germ base at 27°C under a 18 h light/6 h dark cycle (Ratzka et al. 2002) . Feeding experiments were performed in a dynamic headspace volatile collection system (see "Volatile collection and analysis" below). On day 0, potted plants were transferred into the glass chambers of the volatile collection system. On the morning of day 1, 20-30 P. xylostella larvae in the third or fourth instar were placed on individual plants and allowed to feed for 24 h. Volatiles were collected in the light for 8 h from the start of insect feeding and, after removal of the larvae, for the same time period on day 2.
Volatile collection and analysis A dynamic headspace volatile collection system was used for sampling volatiles from insect-damaged plants. The system consisting of six 3-L glass containers was operated in a plant climate chamber at 22°C, 70% relative humidity, and 150 moL m ¡2 s ¡1 PAR with a 12 h light/12 h dark cycle. Individual plants with their root balls wrapped in aluminum foil were each placed in a single container. Air puriWed with a zero-air generator entered the container at a Xow rate of 1.2 L min ¡1 and was actively pumped out of the container at a rate of 1.0 L min ¡1 . Excess air was vented through a 2-mm opening at the top of the container. Air moisture was regulated by passing half of the incoming air through a washing Xask containing distilled water. Volatiles were collected on 5 mg activated charcoal traps (CLSA-Filter, Daumazan Sur Arize, France) placed directly in the outlet of the glass container.
For qualitative and quantitative analysis of Xoral volatiles, volatiles were sampled for 2 h with a closed-loop stripping system (Donath and Boland 1995; Tholl et al. 2005) . Six to nine Xowers were detached from individual plants and transferred to 10-mL glass beakers Wlled with tap water and placed in a 1.5-L glass desiccator in a plant climate chamber. Chamber conditions were as described for the other volatile collection system. Air circulated continuously with a Xow rate of approximately 1 L min ¡1 , passing over 30-mg Super-Q (Alltech, DeerWeld, IL, USA) traps.
Super-Q adsorbent was preferred over charcoal for Xoral volatile collection to prevent poor recovery of benzenoid compounds (Raguso and Pellmyr 1998) . The recovery of benzaldehyde and phenylacetaldehyde on Super-Q adsorbent was analyzed by placing a 10 L mixture of both compounds (each 1 g dissolved in dichlormethane) at the bottom of a closed desiccator. Volatiles were collected for 2 h as described. Recovery of phenylacetaldehyde was 60% while benzaldehyde was recovered at 100%.
Headspace solid-phase micro extraction (SPME) (Zhang and Pawliszyn 1993) was used for the analysis of volatiles from Xower organs and enzyme products of terpene synthase assays. The Wber coating was PDMS-100 (100 m polydimethylsiloxane) (Supelco, Bellefonte, PA, USA). Floral organs or enzyme solutions were placed in a 1-mL glass vial closed with a septum cap. The septum was punctured and the SPME needle inserted into the headspace of the sample. Samples were incubated at 25°C for Xoral volatile analysis and 30°C for enzyme assays and the Wber was exposed for 30 min. Afterwards, the Wber was inserted into the injector of a gas chromatography-mass spectrometry (GC-MS) system for thermal desorption of the volatiles.
Volatiles collected on charcoal and Super-Q traps in the dynamic and closed-loop stripping systems were eluted with 50 and 100 L CH 2 Cl 2 , respectively, containing 1-bromodecane or nonylacetate at a concentration of 2 ng L ¡1 as a standard. One microliter of the eluate was analyzed with a Hewlett-Packard 6890 gas chromatograph coupled to a Hewlett-Packard 5973 quadrupole mass selective detector. Separation was performed on a (5%-phenyl)-methylpolysiloxane column (J&W ScientiWc, Folstom, CA, USA) of 30 £ 0.25 mm i.d. £ 0.25 m thickness. Helium was the carrier gas (Xow rate of 2 mL min ¡1 ). A splitless injection was used, and a temperature program starting at 45°C with a ramp of 5°C min ¡1 to 180°C followed by a ramp of 60°C min ¡1 to 300°C was applied. Mass spectrometry was performed with a transfer line temperature of 230°C, ion source temperature of 230°C, quadrupole temperature of 150°C, ionization potential of 70 eV, and scan range of 35 to 350 atomic mass units. Compounds were identiWed using the mass spectral libraries NIST98 (Agilent Technologies, Palo Alto, CA, USA) and Wiley275 and conWrmed with authentic standards where available. For quantiWcation, total ion peaks of each compound were integrated and the amount of compound was calculated based on external calibration curves generated with authentic standards. Emission rates for phenylacetaldehyde were corrected according to 60% recovery on Super-Q traps.
Proton-transfer-reaction mass spectrometry Proton-transfer-reaction mass spectrometry (PTR-MS) allows an online detection of volatiles with a temporal resolution of less than 1 min. A low fragmentation of analytes is achieved due to the low energy input used for protonation. Details of the analytical technique are described elsewhere (Lindinger et al. 1998; de Gouw et al. 2003) . A mobile PTR-MS instrument (Ionicon Analytik, Innsbruck, Austria) was used for continuous measurement of volatiles emitted from intact plants of A. lyrata ssp. petraea. A single Xowering plant (A) and a non-Xowering plant (B) were each placed in a desiccator of 2-L volume. Desiccators were supplied with scrubbed (free of volatile organic carbons and ozone) and humidiWed air (»50% relative humidity) at a Xow rate of 1 L min
¡1
. Light was provided by two sodium lamps (manually operated) and the temperature range was between 23°C (dark) and 28°C (light). Volatile emissions from A. lyrata Xowers and leaves were measured continuously for 48 h (2 dark and light phases; 13 h light/ 11 h dark cycle) by alternating the air Xow every 20 min between A and B with the help of an automatically controlled valve switch. The PTR-MS was run at a ratio of applied electric Weld to buVer gas number density (E/N) of 120 Td and compounds of interest were quantiWed by monitoring characteristic protonated masses in selected ion mode for benzaldehyde (m107), phenylacetaldehyde (m121), monoterpenes (m81 and m137), methylsalicylate (m153), and sesquiterpenes (m149 and m205). PTR-MS data were corrected for mass discrimination and for the background signal measured in each empty desiccator. Total sesquiterpenes were calculated from the contribution of measured fragments relative to the total fragment masses.
Transcript analysis of the AtTPS21-homologous gene (AlCarS) in individuals of the Neutras A. lyrata ssp. petraea population and isolation of AlCarS cDNA Total RNA was extracted from 1 g of leaves after P. xylostella feeding by using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) as previously described (Herde et al. 2008) . Four micrograms of total RNA were reverse transcribed into cDNA in a 20-L reaction with 0.5 g poly(dT) primer, 0.2 mM of each dNTP, and 200 units of SuperScript III RNase H ¡ Reverse Transcriptase (Invitrogen). Two primers, 5Ј-gcgatgacattcgtgagaatg-3Ј and 5Ј-ccttcaagagcttggggttg-3Ј, speciWc for AtTPS21 were used to amplify a 388-bp cDNA fragment with high similarity to AtTPS21. Next, a full-length cDNA of the putative A. lyrata (E)--caryophyllene synthase (AlCarS) was ampliWed by RT-PCR from RNA of the (E)--caryophyllene-emitting plant line NT20 with the primers 5Ј-atggggag tgaagtcaaccgtc-3Ј and 5Ј-tcaaatgggtatagtttcaatgagcaa-3Ј, which correspond to the start and the end of the coding region of AtTPS21. The similarity of the PCR products to AtTPS21 was conWrmed by sequencing.
Genomic PCR analysis of AlCarS intergenic regions
Genomic DNA was isolated from leaves of A. lyrata ssp. petraea (NT20) according to Konieczny and Ausubel (1993) . PCRs were performed with the AtTPS21/AlCarSspeciWc forward (5Ј-gcgatgacattcgtgagaatg-3Ј) and reverse (5Ј-ccttcaagagcttggggttg-3Ј) primers and the following primers positioned in the intergenic region upstream of AtTPS21 (igF1: 5Ј-cgcctaaaaatcttgtactc-3Ј, igF2: 5Ј-tggtttat actgttagtgag-3Ј, igF3: 5Ј-ttttatacttgatgtaatcc-3Ј, igF4: 5Ј-ag ctaataaatatctgaaatatc-3Ј, igF5: 5Ј-tggacacacatattttcaag-3Ј) and downstream of AtTPS21 at the 5Ј-end (R1: 5Ј-gcctctgg atgtcttcttgg-3Ј) and 3Ј-end (R2: 5Ј-gatgaggatactaggacttgg-3Ј) of gene At5g23970 and at the 3Ј-end of gene At5g23980 (on opposite strand, R3: 5Ј-cgttggggtgatggtttgcgg-3Ј). All possible combinations of forward and reverse primers were applied. PCRs were performed at diVerent annealing temperatures with 50 ng of DNA template, 0.4 M of each primer, 0.2 mM of each dNTP, 1.5 mM or 3 mM MgCl 2 , and 1 U of Taq polymerase (Platinum Taq, Invitrogen).
Expression of AlCarS in E. coli and terpene synthase enzyme assay
For heterologous expression in E. coli BL21, the full-length coding region of the AlCarS cDNA was cloned in the expression vector pCR-T7/CT-TOPO (Invitrogen). Proteins were extracted from crude bacterial extract after 24 h cultivation at 18°C upon induction with 1 mM IPTG using an extraction procedure described previously (Chen et al. 2003; Tholl et al. 2005) . Terpene synthase enzyme assays with crude protein extracts and identiWcation of TPS products by SPME and GC-MS analysis were performed under standard conditions as described (Chen et al. 2003; Tholl et al. 2005) .
Results
Composition of Arabidopsis lyrata ssp. petraea Xoral odor
We collected Xoral scent from plants of an A. lyrata ssp. petraea population located in Southern Germany (Plech). Individual plants were derived from controlled crosses of sire and dam plants, which had been grown from seeds originally collected in the Weld . Benzaldehyde and phenylacetaldehyde were the predominant volatile constituents (Fig. 1a, b) . In addition, acetophenone was detected sporadically in small amounts (Fig. 1b) .
We determined the qualitative and quantitative variation in Xoral volatile proWles among F1 plants of the Plech population (Fig. 1c) . No major qualitative diVerences among volatile proWles were observed, and phenylacetaldehyde represented the predominant Xoral volatile compound in all plants. However, the absolute and relative emission rates of benzaldehyde and phenylacetaldehyde varied among individuals. Benzaldehyde was emitted at rates two-to ten-fold lower than those of phenylacetaldehyde. DiVerences in the emission between the highest and the lowest emitters of each compound were approximately twofold (Fig. 1c) . Total emission rates (both compounds) varied between 51 and 115 ng per h and Xower.
To conWrm the emission of benzenoids from Xoral organs, volatiles were trapped by SPME from detached Xowers, Xower petals and Xowers from which petals had been removed (Fig. 2a-c) . Benzenoid volatiles were detected exclusively from petal tissue (Fig. 2b) indicating that formation of these compounds in A. lyrata ssp. petraea Xowers is organ speciWc.
Rhythm of A. lyrata ssp. petraea Xoral scent emission
Since it has been observed that A. lyrata ssp. petraea Xowers are pollinated by day-active solitary bees and Xies (Clauss and Koch 2006) , we assumed that volatile emission from these Xowers might occur during daylight. To analyze diurnal changes of A. lyrata ssp. petraea Xoral scent, volatile emissions were monitored online over 48 h from an intact Xowering plant in comparison to a non-Xowering plant using PTR-MS. Measurements showed light-dependent emissions of volatiles with protonated masses of 107 and 121, which are indicative of benzaldehyde and phenylacetaldehyde, respectively. Signal intensities for these , and a single Xower from which petals were removed (c). Volatiles were trapped in 1-ml glass vials by solid-phase microextraction (SPME) as described under "Materials and methods". Flowers were from a Plech plant with an "4A2"-type volatile proWle (see Fig. 1a, c) masses were not distinguishable from background when analyzed from the vegetative plant. Emission of phenylacetaldehyde from the Xowering plant was approximately six-to ten-fold higher during the light period than in the dark phase (Fig. 3) . The emission peaked approximately 1 h after the onset of light and began to decline approximately 4-5 h later. At the beginning of darkness, emission levels were already low and remained low until 2-3 h prior to the next light period. A similar pattern of emission was observed for benzaldehyde. In addition, a signal for m 205 with an approximately 100-fold lower intensity than that of phenylacetaldehyde was detected which represents the sesquiterpene cyclosativene. This compound is emitted in low amounts primarily from foliage as determined by GC-MS analysis of volatiles from vegetative tissue (data not shown). The cyclosativene signal followed a less pronounced light-dependent emission pattern than that of the aromatic aldehydes with a 1.5-fold diVerence of emission between light and dark phases.
Emission of volatiles from A. lyrata ssp. petraea leaves upon feeding by Plutella xylostella
Given the obvious diVerence in Xoral volatile proWles between A. lyrata and A. thaliana species, we investigated whether there were also diVerences in volatiles emitted from leaves after insect feeding. To this end, we conducted a qualitative analysis of volatile blends from ten individual plants of an A. lyrata ssp. petraea population from Southern Germany (Neutras, Fränkische Schweiz) in response to feeding by larvae of the specialist-feeding lepidopteran Plutella xylostella (Fig. 4) . Rosette leaves of four of the analyzed plants emitted the sesquiterpene (E)--caryophyllene accompanied by minor amounts of -humulene. Other induced volatiles were the homoterpenes DMNT and TMTT, the sesquiterpene nerolidol and methyl salicylate. Emission of these compounds varied between individual plants with TMTT found in seven, DMNT in six, nerolidol in Wve, and methyl salicylate in four individuals. Volatile proWles of two plants emitting (E)--caryophyllene are shown in Fig. 4a, b. Enzyme activity of an herbivore-induced A. lyrata ssp. petraea terpene synthase with high similarity to A. thaliana TPS 21 (At5g23960)
In contrast to A. lyrata, A. thaliana emits the sesquiterpene (E)--caryophyllene exclusively from Xowers and not from leaf tissue (Chen et al. 2003) . To investigate the molecular basis of this diVerence, we searched for a (E)--caryophyllene synthase in A. lyrata ssp. petraea leaves. Using primers speciWc for the Xorally expressed A. thaliana (E)--caryophyllene synthase (AtTPS21, At5g23960, GenBank accession number AF497491) (Aubourg et al. 2002) , we detected a 388-bp cDNA fragment in rosette leaves of (E)--caryophyllene-emitting A. lyrata plants 20 h after the beginning of P. xylostella feeding (Fig. 5) . This PCR product showed high sequence identity to A. thaliana (E)--caryophyllene synthase and was absent in plant lines that did not emit (E)--caryophyllene (Fig. 5) . A full-length cDNA of the AtTPS21-similar gene designated AlCarS (GenBank accession number FJ719785) was isolated from line NT20 by RT-PCR. The coding sequence of AlCarS consists of 1,638 nucleotides corresponding to 545 amino acids. AtTPS21 and AlCarS share 93 and 91% identity at the nucleotide sequence and amino acid sequence level, respectively, and diVer in length by two amino acids (Fig. 6) .
To determine the biochemical function of the AlCarS protein, the corresponding full-length cDNA was expressed heterologously in E. coli. A terpene synthase assay of the recombinant protein yielded (E)--caryophyllene as the major enzymatic product with farnesyl diphosphate (FPP) as the substrate (Fig. 7) . -Humulene and -copaene were detected as additional products in smaller amounts.
To examine intergenic orthologous regions of AlCarS and A. thaliana AtTPS21, PCRs were conducted with genomic DNA extracted from line NT20 using combinations of primers speciWc for AlCarS and primers positioned in the intergenic region and neighboring genes up-and downstream of AtTPS21, respectively. No PCR products were ampliWed with diVerent primer combinations suggesting diVerential genomic positions of AlCarS and AtTPS21 in the two Arabidopsis species. 
Discussion
Floral scent of A. lyrata ssp. petraea is diVerent from that of A. thaliana and is dominated by benzenoid compounds Within the Brassicaceae family, A. lyrata and A. thaliana are emerging as a model system for comparative analyses in plant evolution and ecology. Given the diVerences in the ecological niche of the two species, it may be expected that their pollinator and herbivore communities are quite distinct.
We have analyzed the Xoral volatile proWles of A. lyrata ssp. petraea plants from a population in central Europe. The Xoral scent of these plants is detectable by the human nose and contains benzenoids as the predominant compounds. The most abundant fragrance constituent is phenylacetaldehyde which was also reported as a major Xoral volatile in the North American subspecies A. lyrata ssp. lyrata indicating that emission of this compound is a conserved trait of the two A. lyrata subspecies. Another volatile found in both subspecies is benzaldehyde, but other compounds emitted from A. lyrata ssp. lyrata Xowers such as C 6 alcohols, phenylethanols, and the monoterpene myrcene (Peer and Murphy 2003) are absent in A. lyrata ssp. petraea Xoral volatile blends as described.
Benzenoids and phenylpropanoids are common constituents of Xoral scent in many plant families including the Brassicaceae (Blight et al. 1997; Omura et al. 1999; Jönsson et al. 2005; Knudsen et al. 2006) . Both classes of compounds elicit olfactory responses and contribute to the attraction of pollinating butterXies (Omura et al. 1999) , bees (Blight et al. 1997 ) and moths (Raguso and Light 1998; Meagher 2002; Hoballah et al. 2005) . Therefore, it is likely that these volatiles also serve as olfactory cues in the attraction of the solitary bees, Xies, and butterXies that have been observed as pollinators in European and North American In contrast to A. lyrata Xowers, the volatile compounds of A. thaliana Xowers are primarily monoterpenes and a complex mix of sesquiterpenes with (E)--caryophyllene as the major component (Chen et al. 2003; Tholl et al. 2005) . However, emissions of (E)--caryophyllene from single inXorescences (containing 3-4 open Xowers) of the highestemitting A. thaliana accessions investigated are approximately 260-fold lower than the highest phenylacetaldehyde emissions from the same number of Xowers of A. lyrata ssp. petraea (Plech population). Because of these low emission rates, A. thaliana Xoral volatiles may be eVective only in the short-range attraction of pollinating insects that contribute to the small percentage of outcrossing observed in natural populations (Snape and Lawrence 1971; Abbott and Gomes 1989; HoVmann et al. 2003) . A putative defense function of sesquiterpene volatiles in A. thaliana Xowers is suggested by their speciWc formation in the stigma and Xoral nectaries (Tholl et al. 2005) , organs that are possible sites of microbial invasion (Thornburg et al. 2003 ). In contrast, A. lyrata ssp. petraea Xowers (Plech population) emit benzaldehyde and phenylacetaldehyde only from petal tissue similar to several insect-pollinated plant species such as Antirrhinum majus, Petunia £ hybrida and Clarkia breweri (Dudareva et al. 1998 (Dudareva et al. , 2000 Verdonk et al. 2003) . Interestingly, we have detected small amounts of benzaldehyde (·0.3 ng inXorescence ¡1 h ¡1 ) in Xowers of several A. thaliana ecotypes (unpublished results) but its site of emission in the A. thaliana Xower is not known. Overall, our observations are consistent with the notion that the formation of benzenoid volatiles in Xower petals was under positive selection in the evolution of A. lyrata ssp. petraea as a strictly outcrossing species to aid in eYcient attraction of pollinators. In comparison, during the evolution of A. thaliana as a largely selWng species the selection pressure for this trait may not have been high or negative resulting in the production of only trace amounts of aromatic pollinator attractants.
InterspeciWc diVerences in the qualitative emission of benzenoid and terpenoid compounds have also been described in the genus Nicotiana (Raguso et al. 2003) . For example, (E)--caryophyllene and 1,8-cineole are abundant in Xowers of several Nicotiana species such as N. suaveolens but absent in others. Similar to (E)--caryophyllene produced in A. thaliana Xowers, 1.8-cineole is in part released from the stigma and style (Roeder et al. 2007 ) suggesting similar putative defense functions.
Despite the previously reported high genetic diversity among individuals of Central European A. lyrata ssp. petraea populations , we found almost no qualitative diVerences in Xoral volatile composition within the analyzed population. Variation was apparent only at quantitative levels with an approx. twofold diVerence in emission rates of each aromatic compound and a two-to ten-fold diVerence in their emission relative to AlCarS AtTPS21
AlCarS AtTPS21
AlCarS AtTPS21 each other (Fig. 2c) . The apparent population-speciWc conservation of the Xoral volatile composition supports the signiWcance of these volatile blends in the sustainability of the analyzed population.
Previous inter-population studies of several A. lyrata ssp. petraea populations in Northern and Central Europe demonstrated distinct primary metabolite and glucosinolate phenotypes correlated with genetic diVerences between these populations (Davey et al. 2008) . We have observed qualitative and quantitative variation of benzenoid and terpene Xoral volatiles between the Plech population and two populations from Austria and the Czech republic (unpublished results) that might reXect responses to distinct local pollinator or herbivore faunas or be the result of random genetic drift in isolated populations (Tollsten and Bergström 1993; Mant et al. 2005; Jhumur et al. 2008 ).
Emission of A. lyrata ssp. petraea Xoral volatiles follows a diurnal rhythm
The analysis of benzaldehyde and phenylacetaldehyde emissions from A. lyrata ssp. petraea Xowers revealed a diurnal pattern for both compounds with highest emission 2 h after the onset of light. The diurnal volatile release coincides with the observed visits of A. lyrata Xowers by solitary bees and syrphid Xies and support the role of Xoral volatiles in the attraction of such pollinators (Clauss and Koch 2006) . Our Wndings are in agreement with previous studies demonstrating that Xowers pollinated by bees or other day-active insects tend to emit volatiles during daylight with highest emission rates at midday (Matile and Altenburger 1988) . In contrast, hawkmoth-pollinated plants such as Petunia and Nicotiana species show maximum output of benzenoid and terpenoid (Nicotiana) Xoral volatiles during the night (Loughrin et al. 1991; Kolosova et al. 2001; Raguso et al. 2003; Hoballah et al. 2005; Roeder et al. 2007 ) of which benzenoids in particular have been shown to elicit pollinator olfactory responses (Hoballah et al. 2005 ). However, not all scent components with a rhythmic emission pattern may be involved in pollinator attraction as shown, for example, by the absence of hawkmoth antennal perception to two nocturnally emitted benzenoid compounds of Petunia axillaris Xowers (Hoballah et al. 2005) . Moreover, not all Xoral volatiles are necessarily released in a rhythmic manner (Hoballah et al. 2005) . It is possible that other factors such as anti-herbivore defense, pathogen resistance or predator avoidance have contributed to the evolution of Xoral volatile formation and emission patterns including those of A. lyrata ssp. petraea.
As demonstrated by PTR-MS analysis, A. lyrata ssp. petraea Xowers release benzaldehyde and phenylacetaldehyde in a synchronous manner (Fig. 3) suggesting coregulation of their biosynthetic pathways. Whether the formation of both compounds is controlled by an endogenous circadian clock (Kolosova et al. 2001) remains to be determined by analyzing volatile emission and the expression of biosynthetic enzymes under continuous light and dark regimes.
Arabidopsis lyrata ssp. petraea emits terpenoids from foliage upon insect feeding employing an (E)--caryophyllene synthase with high similarity to a Xower-speciWc A. thaliana (E)--caryophyllene synthase Feeding of the crucifer specialist P. xylostella (diamond back moth) on leaves of A. lyrata ssp. petraea from Southern Germany (Neutras) induces variable emission of the sesquiterpenes (E)--caryophyllene and nerolidol, the homoterpenes 4,8-dimethyl-1,3,7-nonatriene (DMNT) and 4, 8, 3, 7, , and methyl salicylate (MeSA) (Fig. 4a, b) . The released volatiles may aid in the attraction of insect parasitoids as was demonstrated for the volatile blend emitted from A. thaliana leaves in response to feeding by Pieris rapae (Van Poecke et al. 2001) . TMTT is also emitted from A. thaliana leaves upon Pieris rapae and P. xylostella feeding (Van Poecke et al. 2001; Herde et al. 2008 ). However, nerolidol and its degradation product DMNT are absent in A. thaliana leaf volatile blends induced by both insects (Van Poecke et al. 2001; Herde et al. 2008 ). This diVerence might result from the diVerential expression of a nerolidol synthase catalyzing the Wrst committed step in DMNT formation since no induced transcript of such terpene synthase has been found in A. thaliana leaves upon feeding damage (Herde et al. 2008) .
Another diVerence between the volatile blends of A. lyrata and A. thaliana is apparent in the emission of (E)--caryophyllene. (E)--Caryophyllene is a common Xoral volatile (Knudsen et al. 2006) , and it is involved in the attraction of insect-parasitizing wasps and nematodes when released from leaves and roots, respectively (Rasmann et al. 2005; Köllner et al. 2008) .
In A. lyrata, (E)--caryophyllene is produced by the foliage upon herbivory but is absent from Xowers while most A. thaliana ecotypes emit (E)--caryophyllene as a Xoral volatile (Tholl et al. 2005) but not from rosette leaves after attack by P. rapae or P. xylostella (Van Poecke et al. 2001; Herde et al. 2008 ). We could show that the biosynthesis of (E)--caryophyllene in these two Arabidopsis species is catalyzed by genes with high sequence identity. Insectinduced emission of (E)--caryophyllene varies among individuals of the investigated A. lyrata ssp. petraea population and correlates with the presence or absence of the caryophyllene synthase (AlCarS) transcript (Fig. 5) . A similar regulation of (E)--caryophyllene emission at the gene transcript level has been reported from European and North American maize varieties that diVer in their ability to produce this volatile in leaves and roots upon insect attack . Future studies should determine to which degree changes in cis-and/or trans-regulatory elements of the two caryophyllene synthase genes in A. thaliana and A. lyrata led to their organ-speciWc and inter-/intra-population diVerences in expression.
It can be assumed that AlCarS and AtTPS21 represent orthologous genes. However, orthologous intergenic regions could not be conWrmed by genomic PCR using gene-speciWc primers and several primers positioned in the intergenic regions and neighboring genes of AtTPS21. It is possible that the A. lyrata ssp. petraea genome in contrast to A. thaliana carries more than a single caryophyllene synthase gene although only a single AlCarS cDNA was ampliWed by RT-PCR. Alternatively, diVerent chromosomal positions of the genes in the two species could be the result of chromosome rearrangements in the A. thaliana genome (Blanc et al. 2000) . Further analysis of the genome position of AlCarS supported by information from the A. lyrata genome sequencing project will aid in assessing AlCarS/ AtTPS21 gene evolution.
We assume that the ability to emit (E)--caryophyllene as a Xoral volatile existed in the progenitor of both Arabidopsis species since this sesquiterpene was detected in Xowers of the Arabidopsis-related species Boechera holboellii (Raguso and Roy 1998) and Boechera drummondii (personal observation) which diverged from the genus Arabidopsis more than 10 million years ago (Koch et al. 2001) . Whether these species also produce (E)--caryophyllene in response to insect feeding is not known. We propose a possible evolutionary scenario according to which the formation of (E)--caryophyllene persisted in Xowers of A. thaliana, but it gave way to the biosynthesis of benzenoids in A. lyrata Xowers for more eYcient pollinator attraction. In contrast, the insect-induced release of (E)--caryophyllene in leaves of A. lyrata may represent part of a more complex volatile response of this perennial to herbivores, while it did not evolve in A. thaliana because of its short life cycle and limited exposure of its foliage to herbivores and their natural enemies. The observed variation of the insect-induced (E)--caryophyllene emission among individuals of the analyzed A. lyrata population might reXect the costs and beneWts of volatile emission under Xuctuating herbivore pressure. In the Plech population, found signiWcant genetic variation for amounts and ratios of glucosinolates and a positive correlation with insect resistance. For a greater understanding of the evolution of (E)--caryophyllene formation in Arabidopsis, further analyses of the biosynthesis of (E)--caryophyllene in Xowers and leaves of other A. lyrata populations and Arabidopsis-related species are required.
